1. We have investigated the effects of moderate long-term exercise on protein turnover in fed man by measuring the extent of whole-body nitrogen production, the labelling of urinary ammonia from ingested ["Nlglycine and plasma, muscle and urine free amino acid concentrations.
Introduction
It is well known that frequent exercise results in adaptations of muscle metabolism and function. The processes involved must include changes in Correspondence: Dr M. J. Rennie, Metabolic Research Laboratory, Department of Human Metabolism, Rayne Institute, University College London Medical School, University Street, London WC 1E 6JJ.
protein synthesis and breakdown since muscle size and composition are themselves altered, but there is very little information available on possible mechanisms. Since muscle can consume large amounts of energy it is tempting to link increases in the metabolic rate of muscle and adaptive processes involving protein metabolism. Until recently there was no way of examining protein synthesis and breakdown during exercise by man and the only easily measurable process (urea production) was widely believed to be negligible.
We have re-examined the effects of exercise on protein metabolism in man. In particular we have measured (i) the extent to which amino acids are catabolized, (ii) the actomyosin degradation rate (on the basis of 3-methylhistidine production) and (iii) the labelling of urinary ammonia from [lSN] glycine as an index of whole-body protein flux.
Methods

Subjects
The subjects studied were four healthy men aged 32-45 years (Table 1) . Each subject was studied on two occasions, some months apart. In each series of experiments the subjects ate a creatinine-and 3-methylhistidine-free (i.e. a meatfree) diet for 4 days before the investigation proper, which was conducted on 2 consecutive days. On these days the subjects took their entire daily food ration as a special drink formulated to contain about 40 g of protein/m2 and 5 MJ/m2 of body surface area. The food was composed of a proprietary milk-based drink (Slender, Carnation Foods Ltd) with cream added to increase the energy content. The food also contained added ['SN]glycine (96% labelled) (BOC Ltd, London) to give a dose rate of 10 mg/h. On the first day of each study the subject rested; on the second day ye exercised at 50% of his previously determined Vo, max. on a motor-driven treadmill for 33 h beginning at 11.15 hours. Heart rate, oxygen consumption and carbon dioxide production were measured by conventional methods. On each day of the investigation the food (100-120 ml) was drunk every 45 min between 06.00 and 19.30 hours. Collections of urine were made on rising and every 45 min from 06.45 until 20.15 hours, and on the morning of the third day. Blood samples were taken (to coincide with urine samples) between 10.30 and 20.15 hours, with an indwelling Teflon cannula placed in an antecubital vein. In some instances the timing of the urine and blood samples departed from this protocol, but the times of all samples were recorded and efforts were made to ensure that the food was taken regularly. The treadmill was enclosed in an air-conditioned room in which the temperature and air flow were adjusted to keep the skin cool and inhibit sweating (i.e. skin temperature below 34OC). During exercise water was taken ad libitum, but never less than 200 ml in addition to the liquid feed.
In a second series of experiments two of the subjects repeated the initial protocol but two others exercised for only 24 h with no rest day beforehand. Only the subjects exercising for 4 h took ["Nlglycine by mouth on this occasion and one of the subjects also took ~-[l-'~CIleucine (KOR Inc., Cambridge, MA, U S A . ) in addition. Samples of the subjects' quadriceps muscles were obtained by needle biopsy before and after the exercise in the second series.
Preparation of samples
Plasma, separated from blood samples immediately after collection, was frozen at -7OOC until analysis. For plasma in which insulin and glucagon concentrations were measured a proteinase inhibitor, aprotinin (Trasylol, Bayer). was added to achieve a concentration of 1000 kallikrein inhibitor (K.I.) units/ml. Plasma for amino acid analysis was precipitated with sulphosalicylic acid. Urine volume was measured on collection, after which the urine was acidified by addition of 2% (v/v) of HCI (6 mol/l).
The needle biopsy samples (40-120 mg) of quadriceps were transferred from the needle into small plastic pots and frozen within 60 s of sampling. The frozen muscle was weighed, freeze-dried and reweighed. A portion of the muscle (1-2 mg dry weight) was digested in HNO, (0.7 mol/l) for determination of chloride content and extracellular/intracellular spaces [ 11 and another small portion taken for glycogen determination [2] . The remainder of the muscle was homogenized in 20% (v/v) trichloroacetic acid (10 vol. per wet volume of muscle) and the supernatant taken for amino acid analysis.
Analysis of plasma and urine
Plasma glucose lactate and 3-hydroxybutyrate were analysed by spectrophotometric enzymatic methods [31. Plasma free fatty acids were estimated colorimetrically [41. Plasma, urine and intramuscular amino acids were measured on a Rank Hilger Chromaspek amino acid analyser with lithium buffers. For estimation of 3-methylhistidine a modified programme was used to advance the elution of most neutral and acidic amino acids and separate histidine from 3-methylhistidine by using trilithium citrate (3 mol/l) at Plasma and urine urea and creatinine were measured with the Technicon Autoanalyzer diacetyl monoxime and alkaline picrate methods or in a few cases by their manual equivalents.
Some urine samples from the first series and all samples from the second series were analysed for total nitrogen by the use of a chemiluminescent nitrogen analyser (Antek 720, Applied Chromatography Systems Ltd, Luton, Bedfordshire, U.K.) 151. pH 6.36.
Plasma glucagon was assayed by a specific radioimmunological method [61. Plasma cortisol was assayed by competitive protein binding with a commercial kit (The Radiochemical Centre, Amersham, Bucks., U.K.).
Keto acids were extracted from plasma with ethanol. After concentration by evaporation under nitrogen the plasma extract was treated as for the undiluted urine. Samples were incubated with excess 0-phenylenediamine in HC1 (2 mol/l) at room temperature overnight and the quinoxalinol derivative was extracted with chloroform. The dried extract was silated with a trimethylsilyl reagent in the presence of pyridine. The keto acids were separated with 10% (w/v) OV17 on Gas Chrom Q (100-120 mesh) in a Perkin-Elmer F11 gas chromatograph with nitrogen as carrier gas with a flow of 30 ml/min. The column temperature was programmed to rise from 150 to 25OOC at 6"CImin.
Labelling of urinary ammonia with I5N was measured by the method of Golden & Waterlow [71. Labelling of expired carbon dioxide with I3C from leucine was measured in one subject. Expired air was collected at fixed times in a 5 litre Douglas bag with standard gas-collection equipment. A sample of the expired air was dried and carbon dioxide from it was frozen by liquid nitrogen surrounding a valved 'cold finger', suitable for direct attachment to an isotope ratio mass spectrometer (V.G.602D, Winsford, Cheshire, U.K.). Isotopic I3CO, enrichment was expressed as atom % excess above a sample of expired air collected immediately before the commencement of the ["Clleucine infusion. The rate of I3C excretion in expired air was obtained from the carbon dioxide enrichment and the independently determined total carbon dioxide production rate. In two of the subjects 15N enrichment of plasma glycine was measured by using chemical ionization selective ionmonitoring gas chromatography-mass spectrometry, by Dr D. E. Matthews [91) .
In the present work a number of difficulties arise because the effect of exercise is to perturb the steady state and therefore any measurements made after the perturbation can, strictly speaking, be used only if they represent a new steady state. We therefore chose to examine a period of moderate exercise of sufficient duration that we might reasonably expect the attainment of a new steady state. We also assumed that during work at 50% VO, max. the rate of absorption of food and tracer amino acids from the gut would not fall significantly, and that the distribution of I5N into urinary ammonia and plasma glycine would continue to reflect the distribution of unlabelled nitrogen. We have no absolute way of validating these assumptions, although they are supported to some extent by previous work 1101 and by some of the results we have obtained (see below).
A more serious difficulty arises in the calculation of the rate of amino acid catabolism. In the present work this depends on the measurement of the rate of excretion in urine of urea, creatinine and ammonia (or of total measured nitrogen) and of the changes in plasma urea and (by calculation) the whole-body urea pool. At rest urinary production of nitrogenous substances probably gives a good indication of the extentof amino acid catabolism, but during exercise kidney blood flow and the urine flow fall till. This causes alterations in clearance so that excretion of urea and creatinine are delayed until after exercise [121 and may not match the true production rates. In the present work the calculation of protein synthesis have been made in two ways. In the first (*, Table 7 ) the lag in nitrogen excretion has been ignored and measured rates were used in the calculation. In an alternative approach (t, Table 7 ) it has bwn assumed that all of the exercise-induced nitrogen production measured during and after exerclse, over and above the basal rate, represents amino acid catabolism occurring during exercise. Support for this admittedly crude assumption is provided by our observation that increased production of "CO, from labelled leucine occurred. only during exercise. Also the measured flux (Q) fell after exercise and, since the most adaptable and sensitively regulated component of protein turnover is likely to be amino acid catabolism, it makes sense that the fall in flux was largely due to a fall in $is component. The results of our calculation of S and B made in this way are in accord with other measurements made in animals (see the Discussion section).
Results
Heart rate, oxygen consumption and carbon dioxide production (Fig. I )
The severity of exercise used in these studies was chosen to provide a substantial increase in metabolic rate to a level which could be sustained for a period sufficiently long to allow a new steady state of protein metabolism to be reached. The results indicate that oxygen consumption did achieve, early on during exercise,'a .quasi-plateau of about 50-60% of each subject's Vo, max. with the energy cost of the exercise for the subjects between 2300 and 3000 J/h. In each case the subject reported that his perceived exertion on the Borg Scale [13] increased over the period of exercise from between 9-12 to 14-19. Heart rate also tended to rise as exercise progressed by 10-20%' probably due to increasing peripheral vasodilatation. At rest over a period of time (l&2 h) before exercise the subjects' respiratory exchange ratio ( R ) varied between 0.70 and 0.85. Exercise caused a marked initial increase in R to between 0.85 and 0.96, but as the exercise progressed the values fell so that after 32 h the range was 0.75-0.81. All of the subjects felt considerably fatigued by the exercise bout and objective evidence of this was provided by a measured fall of about 30% in the quadriceps maximum voluntary contraction strength.
Plasma metabolites and hormones (Table 2 )
The values of these metabolites and hormones in plasma were remarkably stable over the greater part of the days of investigation except for the period of exercise and the hours following. Heart rate, oxygen consumption and respiratory exchange ratio in the four subjects described in No significant differences in the responses were observed in the subjects when exercised on a second occasion.
presumably to the frequent small feeds. Exercise caused unexpectedly large rises in plasma nonesterified fatty acids and 3-hydroxybutyrate and surprisingly prolonged elevation of glucagon, but otherwise the changes in metabolites and hormones were as expected from previous work [ 14-17].
Muscle constituents
No changes occurred as a result of exercise in total muscle water content (770 28 pl/g of muscle) or in the proportion of the intra-and extra-cellular water (175 f 30 and 600 f 29 pl/g respectively). Muscle glycogen content fell by two-thirds during exercise (64 22 to 22 i-8 pmol of glycosyl units/g of muscle).
Plasma and urine creatinine and urea and total nitrogen in urine (Figs, 2 , 3 , 4 and Table 7)
Plasma concentration of urea and creatinine and urine excretion of urea and creatinine were effectively constant in each subject at rest. Creatinine clearance at rest was between 51 and 200 ml/min (mean 112 f 29 ml/min) and urea )were studied twice.
clearance 32-74 ml/min (mean 55.5 f 7.0 ml/min). In the first samples taken after the beginning of exercise plasma urea concentrations were elevated (P < 0.05) in all subjects and the rise continued throughout the exercise period.
. .
. . on the day after exercise was calculated by 2 adding together any increases over the resting values in the urea pool size plus urinary excretion. In those subjects in whom there was no collection of blood on the morning after the exercise day a figure of 8 h for the half-life of the urea poool [181 has been used to calculate the
In the present studies calculation showed that 3: h of exercise caused the additional production of 4.4-7.1 g of nitrogen or the equivalent of 28-44 g of amino acid over and above that catabolized on the preceding rest days. Since the total extra energy cost for the 3; h of exercise was between 8500 and 15 600 J, the contribution of amino acid oxidation to the energy deficit was exercise. During exercise glutamine, glutamate, the branched-chain amino acids, alanine and phenylalanine and tyrosine, were elevated in the plasma in the first or second sample (i.e. at 3 and lt h of exercise) but as exercise progressed all amino acid concentrations fell progressively. At the end of exercise large falls were observed in almost all amino acids but particularly alanine, glutamine and glycine and the branched-chain amino acids. The plasma amino acid concentrations remained slightly depressed throughout the postexercise period. Similar results have been reported in athletes after a 100 m race [ 191. The plasma concentration of 3-methylhistidine was constant throughout the period of investigation at rest and during exercise.
Judged by analysis of urine and plasma samples at the beginning and end of exercise the excretion rate of all amino acids into the urine fell during exercise due to a fall in clearance rates of up to 85%. Similar changes in clearance were reported by DCcombaz el al. [191. The fall in 3-methylhistidine production ranged from 50 to 85% and in each case was greater than the fall in creatinine excretion. The 24 h hydroxyproline production was unaffected by exercise, being between 0.3 and 0.6 mmol for the different subjects.
Intracellular muscle amino acids (Table 5 )
At rest intramuscular amino acid concentrations were all in excess of plasma concentrations, being similar to those reported by Bergstrom, Furst, Noree & Vinnars 111. The concentrations of all the amino acids fell slightly during exercise but the muscle/plasma ratio remained essentially unchanged, except for the branched-chain amino acids which showed a greater fall. The muscle/plasma 3-methylhistidine ratio also fell by about 30%.
Branched-chain keto acids in plasma (Table 6 )
At rest plasma branched-chain keto acid concentration in plasma was steady at about 2 6 3 0 % of the total branched-chain amino acid concentration. Exercise caused a fall in plasma concentration of the branched-chain keto acids. There was a large increase of 50-150% in the first 90 min after exercise. In those few samples estimated after exercise the branched-chain keto acids concentrations remained elevated. (Fig. 5 ) On the rest day carbon dioxide production from labelled leucine was about 15% of the ingested dose. On the exercise day leucine oxidation at rest was apparently elevated above the value observed on the previous day, possibly due to anxiety about needle biopsy and exercise. Immediately before exercise the oxidation rate was 30% above the basal rate of the previous day (and the rate observed after exercise). Exercise caused a rapid large increase in the oxidation rate to five times the rate immediately before exercise. This value was about eight times the basal rate observed on the previous day. The large initial increase may have been due to 'blowing off I3CO, on commencement of exercise, but a more likely explanation is that it reflected a large increase in the oxidation of carbohydrate in the food which was naturally relatively highly labelled by I3C. During exercise the rate fell continually to about twice the pre-exercise value or three times the basal value. The mean weighted increase over the period of exercise was to about four to five times the basal value which probably reflects the extent of the increase in the steady state. This finding has been confirmed in recent studies on men exercising in the fasted state [201.
Production of I3CO2 from ingested L-[I-'~CI leucine in one subject
Labelling of urinary ammonia and plasma glycine with I5N (Figs. 6, 7 ) In all subjects the abundance of the "N in urinary ammonia rose within 6 h to a quasiplateau, which showed a much slower but steady rise during the course of the rest of the day. This slow rise could be attributed to the large size of the glycine whole-body pool, which took a long time to come to equilibrium, or to an increasing proportion of recycling of label from the other pools, e.g. protein or urea. During exercise the labelling of urinary ammonia from [lsN1glycine fell markedly by between 20 and 90%.
After exercise the labelling of urinary ammonia rose to a value of about 30% of that preceding exercise and remained steady at that value for the remainder of the day. After [lsNIglycine feeding was discontinued the abundance of I5N in urinary ammonia fell with a half-time of about 16 h.
In only two subjects sufficient [15N1glycine was given to allow measurement of the labelling of glycine in plasma by chemical ionization gas chromatography-mass spectrometry. The pattern of change was similar to that seen for I5N labelling of ammonia except of course that the abundance of I5N in plasma glycine was much greater than for urinary ammonia. However, insufficient samples were taken to use the measurements to calculate change in flux of plasma glycine as a result of exercise.
Whole-body protein turnover calculated from I5N in urinary ammonia (Table 7 ) Calculations of flux through the metabolic pool and on the exercise day (b). Each subject was studied at least once, one subject studied on another occasion at rest and this subject and a second subject studied twice during an exercise day.
in using the mean values derived from the abundance of I5N in urinary ammonia measured in samples taken: immediately before exercise; for the whole exercise period; for 5 h after exercise; at a time corresponding to the postexercise period, but on the rest day preceding the exercise day. By comparing the flux rates with the known intake of protein and the measured oxidation of amino acids as nitrogen production the wholebody protein synthesis and breakdown rates have been calculated. The values given in Table 7 show that exercise causes an increase of about 40% in the flux of nitrogen by the ammonia end-product method, depending on the timing of the samples used to calculate flux. The calculation of the protein synthesis rates depends critically on the interpretation of the Six subjects, five samples each * Nitrogen production estimated from actual urine and plasma changes. t Derived from nitrogen production rate assumed to be 4.3 mg of nitrogen h-l kg-' body wt. basal: exercise nitrogen production is then assumed to be basal rate plus the sum of all of extra nitrogen production above basal until 06.00 hours next day. This was calculated from measured urine nitrogen content until 06.00 hours and the elevation above the basal value in the plasma urea measured at 06.00 hours on the rest day, or calculated from the value at 20.15 hours assuming that excretion was a constant fraction process with a rate constant of 8.6%/h; this figure fits the rate of fall in three subjects for whom plasma urea was measured next day. When expressed as a rate the extra nitrogen production is equivalent to 19.0 mg h-l of exercise kg-l. $,$ Values of synthesis obtained by using catabolic rates (*, t respectively).
changes in plasma urea and urinary nitrogen excretion. One approach is to take the actual changes observed as accurately reflecting the catabolism of amino acids, which on this basis increases about three-to four-fold during exercise and remains at about twice resting values in the 4; h postexercise period (subcolumn a in Table 7) .
From these values whole-body protein synthesis appears to increase slightly during exercise (subcolumn c), although the absolute value of synthesis is less than of breakdown, calculated simply by difference of the intake from the flux.
The synthesis rate appears to fall after exercise to a similar value to that obtained before exercise. Now, a rise in whole-body synthesis during exercise seems unlikely because of a fall in blood flow to the viscera (sites of most active synthesis) and the increase in energy expenditure by muscle which might be expected to show a fall in synthesis rate. An alternative interpretation is offered by the observation that the large increase in 13C0, production from L-[ I-13C]leucine occurred almost wholly during exercise. If it is assumed that the lag in the appearance of nitrogen in plasma and urine urea is due to the large urea pool and decreased visceral blood flow then we can assign all of the extra nitrogen production to the period of exercise. This assumption leads to the oxidation and synthesis rates in subcolumns (b) and ( d ) of Table 7 . On this basis oxidation (judged by nitrogen production) increases about sevenfold and whole-body protein synthesis falls during exercise by an amount in the range 14-IS%, depending on the value taken at rest. In addition, whole-body protein synthesis appears to increase after exercise in this model, which therefore offers explanations both for the source of the extra nitrogen oxidized (by a fall in synthesis as well as a rise in breakdown) and also points to a subsequent adaptation after exercise to increase nitrogen retention. Thus the second model appears more plausible and, although it is certainly too extreme (e.g. ammonia production was still increased after exercise, suggesting some continued increase in amino acid oxidation rate), it offers the best explanation of the overall known effects of exercise.
The interpretation of the flux rate in terms of breakdown is less complicated, the only imponderable being the rate of absorption of tracer and of food. It seems unlikely that this was affected more than marginally by the exercise, since exercise at a similar level has little effect on glucose absorption [lo1 and a decrease in absorption should have led to an overshoot in the labelling of plasma glycine and urinary ammonia after exercise. This was not observed, and there was little evidence of decreased absorption in terms of increased bowel activity, in fact the opposite was true. It appears therefore that whole-body protein breakdown increases during strenuous exercise, the increase in the present case being about 50-75%, and a smaller elevation of about 25-35% is sustained after exercise.
Myojibrillar protein breakdown (Table 5 )
At rest the 3-methylhistidine/creatinine molar ratio varied between 16 x and 22 x This ratio is usually thought of as being directly proportional to myofibrillar protein breakdown rate; the present results suggest a rate of turnover of 1-2%/day, similar to that obtained by other workers for adult males [ 2 1 I.
During exercise the urinary production of 3-methylhistidine fell. That this was not simply due to a fall in clearance was demonstrated by the lack of a rise in plasma 3-methylhistidine and the observation that, in all of the subjects exercised on a second occasion (for 24 or 32 h), there was a fall in intramuscular free 3-methylhistidine concentration accompanying the fall in urinary production. The results suggest that the fall in 3-methylhistidine corresponded to a mean fall in myofibrillar breakdown rate over the period of exercise of about 50%. Immediately after exercise the production rate increased again to the pre-exercise value without any overshoot to indicate body storage. In fact the 24 h production of 3-methylhistidine was reduced in each subject by between 10 and 20%, values of the right size if production from muscle was decreased by 50% during the exercise period.
Discussion
Extent of amino acid catabolism in exercise
Our results suggest that there is a large exercise-induced increase in the rate of amino acid catabolism, probably confined to the period of exercise. The results confirm Cathcart's conclusions from a review [22] of the early evidence that, although protein could not be the principal fuel for muscular work, an obligatory increase in nitrogen excretion occurred on exercise, which was probably the net result of changes in protein turnover. In terms of energy expenditure the extra amino acid catabolized may have contributed only a minor portion ( 4 4 % in the present case). However, amino acids may be important as a source of gluconeogenic carbon; the continuation of long-term exercise appears to be depen-dent on an adequate supply of glucose for the brain [231. In bicycle exercise at 30% Vo, max. an increasing proportion of the gluconeogenic substrates is provided by amino acids over 4 h of exercise [ 151.
The significance of the changes in free amino acid concentrations in the plasma and muscle pools is not easy to assess because they are the result of many processes. Nevertheless the present observations are surprising. The total aamino nitrogen pool concentration in muscle and plasma fell during exercise (by an amount that would contribute about 20% of the total extra nitrogen production) when the apparent fall in protein synthesis and increase in degradation (notwithstanding the constant dietary intake) would suggest that the overall production rate of free amino acids had increased during exercise. Therefore increased amino acid catabolism must have removed amino acids faster than their production rate. Mechanisms controlling the increases in amino acid catabolism during exercise may therefore be independent of substrate concentrations, contrary to the conventionally understood scheme whereby rates of catabolism of amino acids are proportional to concentration in the range below the high K, values for their transaminase [24l. It may be that the diversion of visceral blood flow to muscle and the marked hormonal changes predispose the metabolic machinery to route amino acids to gluconeogenesis irrespective of the nutritional state and size of free amino acid pools. Cuthbertson et al. [251 indeed showed that exercise carried out after a meal caused a larger increase of nitrogen excretion than exercise carried out before a meal.
Whole-body protein turnover
We have no evidence of changes with exercise in the fractions of [''Nlglycine and of total a-amino nitrogen entering particular pathways, although such changes would have important effects on our results. If glutamine production by muscle [26, 271 and glutamine extraction by the kidney were increased, so that more urinary ammonia came from muscle glutamine, the apparent increases in protein flux would be overestimates. Also glycine is principally catabolized in liver and kidney so that an exerciseinduced fall in their blood flow, if accompanied by an increase of ammonia production in muscle [281, would result in less labelling of urinary ammonia, as we observed during exercise. We have insufficient information to discount these possibilities.
However, distortion of labelling due to compensation of acidosis by NH: excretion is unlikely. Exercise acidosis is associated with higher blood lactate concentrations than we observed [291; also when the NH: excretion was increased by HC1-induced acidosis there was no change in the labelling of urinary ammonia from [15Nlglycine [301.
Assuming that our flux measurements are correct and the increase of amino acid catabolism can be justifiably confined to the period of exercise (Fig. 5) , exercise apparently causes an increase in whole-body protein breakdown and a fall in whole-body protein synthesis, thus providing an explanation for the observed negative nitrogen balance associated with exercise.
Where do these changes occur? The magnitude of reported depressions of muscle protein synthesis [3 1, 321 after exhaustive exercise is too small to account for the observed depression of whole-body protein synthesis during exercise and may not occur in moderate exercise. The results of our 3-methylhistidine measurements in urine, plasma and muscle water suggest that myofibrillar protein breakdown is not increased during exercise and indeed appears to be depressed. Animal studies have demonstrated that an increase of acid hydrolase activity occurs in exercised muscle in the days after exercise [331, but a careful study of lysosomal fragility and total activity of lysosomal enzymes in rat muscle immediately on cessation of exercise failed to show any change 1341. The main influence on protein degradation in the liver is the delivery of amino acids by the portal blood [351, so that afall in portal blood flow during exercise 1361 may well increase protein degradation in the liver. Such results have been observed in running rats [37l.
After exercise a positive whole-body nitrogen balance was regained by an increase in wholebody protein synthesis over whole-body protein breakdown. There was no way in which the tissues involved could be identified, although the net result would fit in with the well known adaptive response of muscle to this type of exercise [38] . In microsomal cell-free extracts of guinea pig muscle, an increase of incorporation of labelled amino acid in protein occurs in preparations made after exhaustive exercise possibly due to an increase in ribosomal translational activity [391. Since this type of phasic exercise does not result in muscle hypertrophy, but in adaptive increases in mitochondria1 enzymes, the relatively large increase in protein synthesis are unlikely to be accounted for by an accleration of mitochondrial protein synthesis. More likely, the protein synthesis occurring after exercise is part of a 'catching-up' to compensate for the depression of whole-body synthesis and the increase of breakdown observed during exercise.
Branched-chain amino acid and keto acid metabolism
Changes in amino acid metabolism must underlie increased nitrogen excretion. It has been suggested that the transamination and oxidation of branched-chain amino acids occupies a central role in the control of protein balance, particularly in muscle [26] . The measurements we have made give us an insight into branched-chain amino acid and keto acid metabolism but it is limited, since they are for the most part estimations of plasma concentrations. Nevertheless, the "CO, production data show a clear increase of leucine oxidation during exercise and we have confirmed this in other studies 1201.
Such is the distribution of branched-chain amino acid transaminase and dehydrogenase activities that transamination of the bulk of branched chain amino acids should occur in muscle and oxidation of their keto acids should occur primarily in liver and kidney [40, 411. If this were true then given the diversion of blood flow from viscera to working muscle during exercise, transamination of branched-chain amino acids ought to be accelerated but oxidation of keto acids should actually diminish, resulting in increased plasma keto acid concentration; this was the opposite of what we observed. However, the prevailing model may not be entirely correct, since we have shown that in both the fed and fasted state in resting man the rates of transamination and oxidation are comparable 1421. Also, under normal circumstances in fed rats, heart muscle branched-chain keto acid dehydrogenase activity is low, but phosphorylation of the enzyme increases its activity [43] . If such increases occurred in skeletal muscle during exercise, so that the transamination and decarboxylation steps had similar capacities, then the increased delivery of substrate to muscle would result in changes similar to those observed. Catabolism of branched-chain amino acids during exercise may partially regulate the observed changes in whole-body protein turnover via changes in the body's free branched-chain amino acid pools.
Changes in metabolites of fat and carbohydrate metabolism and hormones as a result of exercise
The results are consistent with a model in which exercise causes an early increase in blood glucose and carbohydrate utilization, which diminishes during the course of exercise as the non-esterified fatty acid availability increases [ 14, 16, 17, 38, 421 so that fat oxidation provides an increasing fraction of the energy for exercise. However, the fact that the respiratory exchange ratio was never fully depressed to 0.7, suggests that carbohydrate (or protein) oxidation continued to provide a significant proportion of the energy utilized. Since ketogenesis and gluconeogenesis often occur together, the increased ketogenesis observed in our subjects may suggest that there had been a substantial increase in glucose synthesis, an obvious advantage to the organism. The observed changes in plasma hormones would tally well with this metabolic scheme [14, 171 and in addition would also help explain the apparent changes in protein turnover. For example, the fall in insulin and rises in glucagon and cortisol would all be likely to produce a net outflow of amino acids from tissues as a result of the depression of protein synthesis and the increase in protein degradation (see Chapters 18 and 19 [191) .
In conclusion, the present results show that exercise causes a significant increase in protein turnover, involving increases in amino acid metabolism, and protein breakdown, and decreases in protein synthesis, and these changes are in accord with our present knowledge of intermediary metabolism and its hormonal control.
